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PREFERRED  STAR IMAGE METROLOGY
RELIABILITY .
iappaipl) PART II: IRRADIANCE
MEASUREMENTS

Guiddine:

The fundamental behavior of a spaceborne (or space-related) optical imaging system is contained
in its response to an impulseg, i.e., apoint source. The point source image isreferred to by a
variety of names: star image, point spread function, far field pattern, impulse response, Fraunhofer
diffraction pattern. Here we will use "star image." This guideline provides information on
instruments and procedures used in measuring star image irradiance distributions.

Benefit:

Star image measurements provide the primary means of appraising end-to-end health of an optical
imaging system. These tests represent good engineering practice, and are reliable indicators of
system performance. Star image tests are thus the final arbiter of quality control. A system
passing the star tests discussed here ensures that the optical instrument is performing in areliable

way.

Measurements of irradiance distributions provide important quantitative information concerning
the fidelity of the star image to theoretical expectations. Such measurements either validate
performance, or provide important clues as to the nature of a problem. For example, the problem
might be a decentered component or an inappropriate conic constant.

Center to Contact for More Information:

Goddard Space Flight Center (GSFC)

| mplementation M ethod:

1. Description of Star Image Test Appar atus

The basic equipment needed to perform laboratory star image visual measurementsisindicated in
Figure 1. The optical system on the left half of the drawing isa Star Smulator. This isa
Collimator with a back-illuminated pinhole located in the focal plane. The Collimator can be
either reflective or refractive, and its pupil should be larger than the imaging system being tested.
The pinhole represents the star, and its diameter should be smaller than the

Collimator Airy Disc, (i.e., unresolved). Depending onthe application,the ™l
pinhole back-illumination can be either from a coherent or incoherent GODDARD
source. An example of the former is a laser; the latter, a point arc lamp. sl
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Between the source and the pinhole there is usually some coupling optics to maximize the power
through the pinhole, and to fill the aperture of the Collimator with light.

Caution: The pinhole acts like a"pinhole camera If acoiled filament lamp is used, an image of
the coil will be formed on the collimator pupil and the output irradiance will be quite
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Figure 1. Basic Layout of a Star Image Test Setup

A support structure is needed to hold the optical system under test. This mounting fixture should
provide modest azimuth and elevation tilt control to allow alignment of the "test system"” to the
Collimator optical axis. Thetest support fixture should also allow the "test system" to be
accurately rotated through its operational field of view. For refractive "test systems,” the rotation
axis should ideally pass through the system's rear nodal point. A mechanical support fixture that
accomplishes thisis called a T-Bar Noda Slide.* However, for catadioptric and reflective
systems, rotation through the rear nodal point isimpractical because this point is usualy far
removed from the physical embodiment of the "test system.” In this Guideline, the rotation axis
will be at, or near, the entrance aperture of the "test system."”

For irradiance measurements the "test system” star image can be probed directly by some
methods. Other methods need a magnified star image. In the latter case, this can be
accomplished using a high quality microscope objective which should be well-corrected for both
axial color and spherical aberration. Its numerical aperture must be sufficient to collect al the
light emerging from the star image.

In the Guideline No. GT-TE-2406, “ Star Image Measurements, Part |: Visual Measurements’, we
relied on making dimensional measurements by eye on key features of the star image both lateraly
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and axialy. Inthis Guideline, irradiance is the key measurement parameter. The dimensional
features discussed in Part | are not lost but contained within this broader measurement context.

2. Ideal Star Image
Please refer to Part | (GT-TE-2406).

3.1 Axial Intensity Method

A new technique? has been developed in recent years that makes use of axia intensity scans on
star images to extract quantitative information about aberration content. Laboratory
embodiments can have a number of forms. One embodiment isillustrated in Figure 2 which
makes use of acommercialy available "scanning micrometer eyepiece.” The star imageis
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Figure 2. Experimental Configuration for Measuring Spherical Aberration
viaAxid Intensity Scans

magnified with a microscope objective. The magnified image is centered on the entrance face of a
fiber optic. The exit face of the fiber is coupled to a detector such as a photomultiplier tube
(PMT). The output signal of the detector is connected to the y-axis of an xy-recorder. The
x-axisis driven by asignal from alinear transducer attached to the Z-axis motion of the
microscope. The experiment generates an intensity plot as a function of axial microscope
position.
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We will use spherical aberration as an exampleto illustrate the utility of the axia scan profile. It
iswell known that the axial intensity of alens free of spherical aberration has a symmetric axial
intensity profile about paraxial® focus asis shown in Figure 3. However, it is not well known that
the axial intensity pattern remains symmetric
in the presence of spherical aberration.®> The
pattern is not the same shape as that for the
zero aberration case, and the center of
symmetry is no longer in the paraxial foca
plane. However, the axial separation, 0, arl
between the plane of symmetry and the
paraxial foca planeisdirectly relatable to the
exit pupil spherical aberration coefficient W,
(in micrometers) present through the )
eguation:

AL [HTEHGATY

= -8 (f#)* (Wou) 3)

-0 &0 o X A0

Figure 4 (a) shows an experimental axial
intengity plot for a system with significant
spherical aberration. The F-number of the
system is F/10.3. The operating wavelength
i 0.6328 micrometers. The separation
between the plane of symmetry and the paraxial focal planeis 3.07 mm. (Note, paraxial focusis

Figure 3. Axia Inengity of Diffraction Limited
System
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Figure 4. Axia Intensity where W,,, = 5.7 waves
(a) experimental; (b) theoretical. Courtesy Dr. Qian Gong.
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established by a separate axial intensity scan with asmall aperture in the entrance pupil). Using
Eq.4, we find that the amount of spherical aberration is 5.7 waves! Figure 4 (b) shows a
theoretical plot with the same amount of spherical aberration. The two plots are virtually
identical. A recent paper* also shows how axial intensity scans of star images with mixed Seidel
aberrations can be used to identify and quantify those aberrations.

3.2 Lateral Irradiance Methods
3.2.1 CCD Arrays

The magnified star image formed by the microscope can be focussed on the detector chip of a
CCD camera. A video frame-grabber tied into a PC can be used to acquire aframe of datafor
analysis. Hardcopy can be acquired viaavideo printer. Software packages are commercially
available that will allow analysis of the data frame.

Among the useful features are: @) power profiles across the star image; b) power centroid
location; c) calculation of encircled energy; d) 2-D contour and 3-D power maps. The profiles
can be compared to theoretical predictions like the one shown in later in Figure 8(b). Not only is
the size of the Airy Disc obtained, but also the relative power between the central peak and the
rings. (Note: Small aberrations rob power from the core and shunt most of it into the first bright
ring). In addition, an encircled energy calculation should show 84% of the energy within the core
(for acircular unobscured entrance pupil).

Potentia problems with some CCD arrays are: dynamic range, linearity, and pixel uniformity. For
example, the ratio of the peak power in the Airy Disc to the peak power in thefirst bright ring is
about 68. Some CCDs do not have enough dynamic range. To see the first few rings means the
central coreis saturated. An unsaturated core means that the second bright ring, and sometimes
thefirgt, are buried in noise. Nonlinearity and pixel nonuniformity imply that profile shapes would
be wrong.

3.2.2 Fiber Optic Probe

The fiber probe scanner used in Sec.3.1 to obtain axial profiles can also be used to obtain lateral
profiles. The fiber optic probe assembly is mounted on a motion controlled boom. This boom
can be trandated horizontally either manually or under computer control. In thisway the probe
can be scanned through the magnified star image. A transducer provides a voltage signal
proportional to the linear position of the boom.

The entire scanning micrometer eyepiece can be rotated and the axis of rotation is the optical axis
of the microscope. This allows the observer, who views both the star image and the probe
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location through an eyepiece attached to the device, to select the orientation of the scan relative
to the star image. The boom signal can be used to drive the x-axis of an xy-recorder while the
signal from the PM T/radiometer can drive the
y-axis. PMTs have significantly more
dynamic range than CCDs, and excellent
linearity. Thiswill allow more accurate
profiles through the star image. (A
commercialy available eyepiece of thistype
can be obtained from EG& G/Gamma
Scientific. The unitisshownin Figure5.)

Figure 6 shows a combination of axial and
radial scansfor 5 waves of spherical
aberration.” The radial scans are made at
various image planes of interest as defined by
either geometric (e.g., minimum blur) or e
diffractive (e.g., Strehl) criteria. Figure 5. Commercial Scanning Probe Eyepiece
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Figure 6. Axia and Radial Irradiance Plots Using Scanning Fiber Optic Probem Eyepiece

4. Modulation Transfer Function M easurements
4.1  Connection Between MTF and Star Image
In imaging theory, an object is considered to be made up of an array of sinusoidal patterns

differing in spatial frequency, amplitude, and lateral positioning. It isakin to a Fourier series
decomposition of a periodic waveform of arbitrary shape, e.g., a square wave. If animaging
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system is presented with a pure linear sinusoidal amplitude object having unit modulation, then the
image of this pattern (assume unit magnification for now) will also be sinusoidal of the same
gpatia frequency but with reduced modulation, and a possible decentering or shifting of the
pattern asillustrated in Figure 7.
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Figure 7. Physical Bassfor MTF

In Fourier transform theory,® it can be shown that a point object contains all sinusoidal spatial
frequencies at unit modulation at all spatia orientations and that the star image, the point spread
function (PSF), isrelated to the MTF by a Fourier Transform, FT{ }:

MTF(R,t) = FT {PSF(x,y)} (4)

If we scan the point spread function with adlit (asillustrated in Figure 8) we generate aline
spread function (LSF).

Mathematically this means we have integrated out the y dependency:

LSF(x)= waPSF(x,y)dy (5)

It can be shown that the Fourier transform of the line spread function yields an MTF profile
through the origin:
FT {LSF(X)} = MTF(13,0) (6)

4.2  Scanning Slit

One method of obtaining the star image line spread function is now described. The standard
microscope eyepiece is replaced with a scanning micrometer eyepiece similar to that described in
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Figure 8. Scanning the PSF with a Slit Sampling Aperture

Sec. 3.1and 3.2.2. However, in the plane of the magnified star image, the scanning probeis a
dit. Note that the dit's width should be significantly smaller than the PSF diameter, and its length
should be significantly longer. Light passing through the dlit is coupled into an optical fiber and
then into afiber optic cable. The fiber optic cable is brought out through the side of the scanning
micrometer eyepiece and coupled to the PMT/radiometer. The latter drives the y-axis of an
xy-recorder while the x-axis position is controlled by the lateral position of the dlit.

For arotationally symmetric PSF, dit scans along any diameter will generate identical MTFs, i.e.,
the MTF is also rotationally symmetric. On the other hand, MTFs for asymmetric PSFs will be
direction dependent. PSF dlit scanswill have to be made aong several different directions to
build up avalid picture of the MTF.

4.3 Knife Edge Scan

Instead of scanning the star image with a dlit sampling aperture, suppose we scan across it with an
opague straight edge (knife edge). We collect the power (not blocked by the knife edge) and
measure it with aradiometer. The signal output of the radiometer can be used to drive the y-axis
of an xy-recorder. A linear transducer connected to the knife edge trandation drives the x-axis.
The resulting plot is called aknife edge distribution (KED). The stegpness of the dopeisadirect
indication of image compactness. The LSF is the derivative of the KED in the scan direction.

L SF(x) = d/dx KED(x) (7)
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Thisisillustrated in Figure 9. This also implies that the knife edge distribution and modulation
transfer function are related via the line spread function as per Sec. 4.1.
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Figure 9. The Line Spread Function is the Derivative of the Knife Edge Distribution

5. Measuring Wavefronts at the Star Image
5.1  Scanning Knife Edge

The scanning knife edge technique is a clever enhancement of the classical Foucault knife edge
test.®® The optical set-up isillustrated in Figure 10. A pair of orthogonally oriented knife edges
is scanned across the image point (so that slope data can be acquired along two orthogonal
directions). A lens behind the knife edge pair is used to image the pupil onto a CCD.

The intensity is monitored at each pixel of the CCD. When aknife edge interacts with a"ray”
from the conjugate pupil position, the intensity in the pixel changes. Datais accepted from that
location when the intensity reaches 50% of itsoriginal value. Thisis also tied into the position of
the knife edge at that moment (to yield the transverse ray aberration measurement). After both
knife edges have passed through the image point, the data ensemble is passed to a computer
program for analysis. Local slope datais fitted with aglobal Zernike polynomial™*® which can be
related (viaalarge matrix inversion) to a Zernike description of the pupil optical path difference
(OPD).
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Figure 10. Wavefront Sensing via Double Knife Edge Scan

5.2  Point Diffraction Interferometer

The point diffraction interferometer (PDI)! is a simple salf-referencing interferometer. (Itisa
commercialy available instrument built by Ealing Corp.) A physical description of the PDI is
shown in Figure 11(a). It isamonolithic device consisting of two concentric circles (thin-film
coated onto a thin transparent substrate). The fat annular region is semitransparent and acts like a
neutral dengity filter. The small inner circle (pinhole) is a diffraction aperture and plays a spatial
filtering role. PDI operationisillustrated in Figure 11(b). The aberrated wavefront is focused
onto the PDI disc. Most of the beam passes through unhindered except for areduction in
intensity. Thetiny part of the beam interacting with the pinhole is diffracted into a clean spherica
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Figure 11. (&) Construction of PDI; b) Operationa Principle
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wavefront, i.e., it has become the reference wavefront. Immediately on the far side of the PDI,
interference takes place between the aberrated main beam and the reference beam. The
operationa F-number range of the commercial PDI is between F/2-F/11. However, at the
extremum fringe contrast is down considerably.

Technical Rationale:

All optical imaging systems used on spaceborne or space-related instruments should undergo an
end-to-end systems check to validate performance. Star image testing is the primary means of
conducting this validation process. It provides data pertinent to the pass/fail criteria associated
with the optical imaging system.

| mpact of Nonpractice:

If end-to-end systems measurements are not made on spaceborne or space-related optical imaging
systems, then the consequences could be the ultimate failure of the mission in-whole or in-part.
The Hubble Telescope should be a constant reminder of this.

Related Guidelines:

Guideline No. GT-TE-2405, Star Image Metrology Part I: Visual Measurements
Guideline No. GT-TE-2404, Optical Testing Guideline: Fizeau Interferometry.
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